Three Trichomonas vaginalis isolates with low in vivo susceptibilities to metronidazole (95% curative dose, >3 x 100 mg kg-' in subcutaneous infections in mice) were compared with strain ATCC 30001 and with four isolates exhibiting high in vivo susceptibilities (95% curative dose, <3 x 15 mg kg-1). Activity of pyruvate:ferredoxin oxidoreductase, anaerobic fermentation, and anaerobic intracellular accumulation of [14C]metronidazole label showed no significant isolatedependent differences which could be correlated with drug susceptibility. The results suggest that processes providing electrons for metronidazole activation are not defective in the resistant strains. Aerobiosis, known to inhibit the antimicrobial action of metronidazole, inhibited accumulation of label more strongly in resistant isolates than in susceptible ones. No differences were detected, however, between resistant and susceptible isolates in respiration, aerobic fermentation, and the specific activity of NADH and NADPH oxidases, the main terminal oxidases of T. vaginalis. These findings suggest that the production of electrons is not diminished under aerobic conditions. The inhibitory effect of aerobic conditions on metronidazole activation, possibly due to competition for the electrons, is markedly enhanced in the resistant isolates compared to the susceptible ones. The mechanism of this effect, however, remains unknown.
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Metronidazole and other 5-nitroimidazoles are effective in the treatment of human trichomoniasis and in infections caused by other anaerobic protozoa as well as bacteria. The possibility of metronidazole resistance in Trichomonas vaginalis has been repeatedly suggested and dismissed in the past. In recent studies, however, several cases of therapeutic failure were attributed to resistance of the parasite because, compared with random isolates, isolates obtained from these cases showed lower metronidazole susceptibility in certain assays. A few T. vaginalis strains with lowered susceptibility to 5-nitroimidazoles were also developed in experimental studies. Clinical and laboratory aspects of metronidazole resistance have been previously reviewed (8, 16, 19) .
Lowered metronidazole susceptibility of such isolates of T. vaginalis can be observed in tests on mice. The same property is detected in in vitro tests only under specific conditions, among which aerobiosis seems critical (13, 19) . Beaulieu et al. (1) noted that the effect of aerobiosis on metronidazole metabolism in a susceptible isolate is different from that in a resistant isolate of T. vaginalis. A 5-nitroimidazole-resistant strain of Tritrichomonas foetus developed in mice also shows similar properties (10, 11 ).
These findings demonstrate that resistance is related to the effect of aerobiosis.
The action of 5-nitroimidazoles in anaerobic microorganisms consists of several steps (5, 15) : (i) entry of the drug into the cell; (ii) reductive metabolic activation to short-lived cytotoxic intermediates, a process inhibited by aerobiosis; (iii) interaction of the cytotoxic intermediates with intracellular components leading to cell death; and (iv) nonenzymatic conversion of the unreacted intermediates into nontoxic end products. Theoretically, resistance to 5-nitroimidazoles could be due to modifications in any of the first three steps.
To pinpoint the affected step and explore the biochemical basis of differences in metronidazole susceptibility, we studied several susceptible and relatively resistant isolates of T. vaginalis (19) . Since relatively minor differences in in vitro tests can significantly influence the minimum lethal concentrations observed (12, 13) , with the exception of one noninfective laboratory strain, all isolates had metronidazole susceptibility characterized in in vitro tests and in mice, for which the results are likely to be more closely related to the situation in patients (13, resistant and susceptible groups. This difference was not seen in the absence of oxygen. These results suggest that the difference between the two groups is in the effect of aerobiosis on metronidazole activation. The mechanism of this effect, however, remains elusive, since none of the biochemical properties studied showed a correlation with drug susceptibility.
(These results were presented in part at the 33rd Annual Meeting of the Society of Protozoologists, Washington, D.C., 16 (19) . Minimum lethal concentrations (MLCs) of the drug were determined in vitro in aerobic and anaerobic multiwell assays introduced by Meingassner et al. (11) . In vivo curative doses (administered three times, needed to cure 95% of subcutaneously infected mice) were determined in mice subcutaneously infected with T. vaginalis that received the drug through a gastric tube (19) . The organisms were cultured axenically at 37C in tryptone-yeast extract-maltose medium that was adjusted to pH 6.4 before autoclaving and supplemented with 10%o heat-inactivated horse serum (19) . Transfers were made daily. Cultures grown in 100 or 500 ml of medium were collected and washed twice with buffered saline solution (74 mM NaCI, 1 Respiration and the formation of end products were determined when metabolism was supported by endogenous reserves and also in the presence of 50 mM glucose (9) . Respiration was measured polarographically at 37°C with a Clark-type electrode. The concentration of 02 present in the solution equilibrated with air was taken as 280 ,uM. For fermentation studies, 3 ml of cell suspension was placed into a 10-ml serum bottle sealed with a butyl rubber stopper. In anaerobic experiments, the bottle was flushed with N2 from which 02 was removed by passage over hot copper filings. Bottles were incubated at 37°C in a water bath equipped with a rotary shaker. The gas phase was sampled at 30-min intervals by first injecting 1 ml of N2 into the bottle and them removing the same volume of gas. The sample was injected into a gas chromatograph equipped with a hydrogen transfer system and a thermal conductivity detector (Analytical Gas Chromatograph Hlll; Carle Co., Fullerton, Calif'.). This system permits simultaneous determination of H2, C02, 02, and N2. Aerobic experiments were performed under similar conditions, but the (Fig. 1 ). Anaerobic uptake rates by different isolates showed significant variation (Table 2) . Although rates for resistant isolates were among the lower values, the two groups had overlapping ranges; thus, no isolate could be assigned to one or the other group on this basis.
As reported earlier for T. vaginalis ATCC 30001 (18) , incubation under aerobic conditions significantly inhibited the accumulation of label by all isolates studied ( Fig. 1 and Table 2 ). Aerobic uptake rates showed large differences, with strain ATCC 30001 having the highest rate, other susceptible isolates intermediate ones, and the resistant isolates the lowest ones. Group assignment of the isolates was possible. These differences were also apparent in the ratios of anaerobic and aerobic uptake (Table 2) , which were <20 for susceptible strains and >35 for resistant isolates. Thus, 02 inhibited the uptake of label more strongly in the resistant isolates.
Although considerable strain-dependent variations were observed, anaerobic and aerobic fermentation showed no significant group-dependent differences, nor did aerobic fermentation differ significantly from anaerobic fermentation in the three representative isolates studied (Tables 3 and 4) . Consumption of oxygen also showed no group-dependent differences. In conclusion, no single property, nor any combination of them, was useful in distinguishing susceptible and resistant isolates. The activities of three enzymes of energy metabolism are presented in Table 5 . Specific activities of pyruvate:ferredoxin oxidoreductase, the enzyme that generates the reducing equivalents for metronidazole reduction, were similar in the two groups. Cytoplasmic NADH and NADPH oxidase activities, the major terminal oxidases of T. vaginalis, showed a marked variation among the various isolates, but their levels did not correlate with susceptibility. Specific activity of NADH oxidase was two orders of magnitude lower in strain ATCC 30001 than in the other isolates.
DISCUSSION
Two main conclusions emerge from our experimental results. First, aerobic conditions inhibited metronidazole uptake in resistant isolates to a much greater extent than in susceptible ones. Second, neither drug uptake under anaerobic conditions nor any of the metabolic processes or enzyme activities studied showed differences that could be correlated with the degree of resistance of the isolates. These findings suggest that changes in the intracellular reduction of the drug may be responsible for relative resistance.
Intracellular reduction of metronidazole is regarded as a critical step in its microbicidal action. This process converts the non-microbicidal parent compound into toxic intermediates which quickly disintegrate into smaller nontoxic end products (15) . At the same time, by keeping the intracellular concentration of metronidazole itself low, this process drives the entry of more drug into the cell. [14Clmetronidazole label accumulated in the cell does not correspond to the parent drug (6) but largely represents its reduction products. We verified that during our shortterm uptake experiments most of these products are retained in the cells, and only small amounts (less than 5% of the total) are released into the medium (unpublished data). On the basis of these considerations, we regard the intracellular accumulation of [14C]metronidazole label as an expression of the intracellular reductive metabolism of the drug. Activation of metronidazole depends on the intracellular supply of electrons of low redox potential in a relatively reduced intracellular environment (5, 15) . Decreased metabolic activation, hence lower efficacy of the drug, can be due to either a decreased production of such electrons or their diversion from metronidazole to other acceptors, a situation more likely to occur in a less reduced intracellular milieu. Experimental results support these conclusions (14, 20, 21) . Differences in metronidazole susceptibility of individual T. vaginalis isolates could also be due to variations in either of these processes. Comparing three strains, Clackson and Coombs (4) attributed low drug susceptibility in one strain to decreased reductive activation and in another strain to a more oxidized intracellular environment.
The present results suggest that resistance is not due to a decreased production of electrons necessary to activate the drug. In anaerobic microorganisms susceptible to metronidazole, pyruvate oxidation is the main source of these electrons (15, 17) . Pyruvate:ferredoxin oxidoreductase catalyzes the first step of this process, which results in the formation of C02, acetate, and in several species also of H2 (17) . In T. foetus strains developed under in vitro drug pressure and in metronidazole-resistant Bacteroides fragilis and Clostridium perfringens strains, the absence or lowered activity of this Aerobiosis is known to inhibit the antimicrobial action and cellular activation of 5-nitroimidazoles (14, 18 (11, 12, 19) in contrast to other species discussed earlier (2, 3, 22) .
The lack of effect of aerobiosis on fermentation and specifically on acetate production in three representative isolates indicates both an unaffected pyruvate oxidation and an unaffected supply of low potential electrons. This finding suggests that the resistance might be due to decreased availability of electrons, not because their rate of production is lower, but because their diversion to other acceptors is faster. Such diversion could depend on the redox state of the intracellular environment,. as regulated by the activity of respiratory enzymes. Our results failed to show group-dependent differences in overall respiration. Clackson and Coombs (4) suggested that the reduced intracellular environment necessary for metronidazole activation under aerobic conditions might be created by cytoplasmic NADH and NADPH oxidases. Deficiency of these enzymes could be responsible for the enhanced effect of aerobiosis. In one of their resistant isolates, Clackson and Coombs (4) indeed found low NADH oxidase activity. In the present study, however, no systematic correlation could be observed between susceptibility and the level of these enzymes. In fact, NADH oxidase activity of the most susceptible strain (ATCC 30001) is only a small fraction of the NADH oxidase activity observed in the other isolates, and its NADPH oxidate activity is not different from that of others. These findings do not support the role of these two oxidases in resistance.
The mechanism of resistance could also be related to permeability properties of the membrane.. It is difficult to measure entry of the drug because it is rapidly metabolized. Indirect observations suggest that metronidazole enters into eucaryotic cells through the cell membrane without facilitated transport (14) . The absence of any systematic difference in the anaerobic accumulation of label argues against a direct relationship between resistance and membrane permeability but does not exclude the possibility that permeability could be differentially affected in susceptible and resistant isolates by aerobic conditions.
Decreased vulnerability of intracellular targets to reduced metronidazole could also play a role in resistance. The present study provides no information on this topic. The observed correlation of sisceptibility with the accumulation of label and the absence of larger differences in the susceptibility of various isolates in anaerobic tests suggest that this factor might not be of major significance.
In conclusion, this study demonstrates a marked difference in the effect of aerobiosis on metronidazole metabolism in various T. vaginalis strains. Only further studies can elucidate the molecular mechanisms underlying this phenomenon.
